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Temporal variations of the frictional resistance on subductionzone plate boundary faults associated with the stick-slip cycle of large interplate earthquakes are thought to modulate the stress regime and earthquake activity within the subducting oceanic plate [1] [2] [3] . Here we report on two great earthquakes that occurred near the Kuril islands, which shed light on this process and demonstrate the enhanced seismic hazard accompanying triggered faulting. On 15 November 2006, an event of moment magnitude 8.3 ruptured the shallow-dipping plate boundary along which the Pacific plate descends beneath the central Kuril arc. The thrust ruptured a seismic gap that previously had uncertain seismogenic potential 4, 5 , although the earlier occurrence of outer-rise compressional events had suggested the presence of frictional resistance 1, 2 . Within minutes of this large underthrusting event, intraplate extensional earthquakes commenced in the outer rise region seaward of the Kuril trench, and on 13 January 2007, an event of moment magnitude 8.1 ruptured a normal fault extending through the upper portion of the Pacific plate, producing one of the largest recorded shallow extensional earthquakes. This energetic earthquake sequence demonstrates the stress transfer process within the subducting lithosphere, and the distinct rupture characteristics of these great earthquakes illuminate differences in seismogenic properties and seismic hazard of such interplate and intraplate faults.
Earthquakes usually occur as sequences involving a few (or no) relatively small foreshocks, a mainshock, and a rapidly decaying number of aftershocks, with the mainshock typically being about a magnitude unit larger than the largest aftershock. Occasionally, a large earthquake is soon followed by an event of comparable size, either on an adjacent portion of the fault that ruptured initially or on a separate fault, and such events are termed doublets 6, 7 . Earthquake doublets present particular challenges for seismic hazard assessment after a large event, but also provide insights into earthquake clustering, triggering and stress cycling [6] [7] [8] [9] [10] . The recent events in the central Kuril islands arc ( Fig. 1) Supplementary Fig. 1) . A parallel band of aftershock activity in the outer rise, eventually extending more than 200 km along the arc, initiated within minutes and continued for two months, the larger events having normal faulting mechanisms (http://www.globalcmt.org/CMTsearch.html). The 13 January 2007 great earthquake ruptured a normal fault in the outer rise roughly parallel to the rupture zone of the thrust event. The USGS source parameters (http://earthquake.usgs.gov/regional/world/historical. php) for this earthquake are: 04:23:21.160 UTC, 46.243u N, 154.524u E, m b 5 7.3 and M s 5 8.2. The aftershock sequence following the great outer rise event was less intense than that for the earlier thrust ( Fig. 2 ), but also extended several hundred kilometres along the trench. The sequence resulted in an extraordinary double band of seismic activity ( Fig. 1 and Supplementary Fig. 1 ).
The similarity in seismic moment of the two largest events classifies them as a doublet involving the rupture of distinct faults in close (,100 km) spatial proximity. Despite their large magnitudes, these events generated modest tsunamis only, less than a metre high in most locations for the November event, with the largest reported value being 1.76 m at Crescent City, California, at which location the January event produced a maximum tsunami height of only 0.37 m. In most locations the January event tsunami was less than half the size of that for the November event (http://earthquake.usgs. gov/regional/world/historical.php).
Seismic waves from the Kuril islands doublet were recorded by hundreds of global broadband seismographs, enabling detailed characterizations of their rupture processes. Finite-source inversions of azimuthally distributed teleseismic P and SH waveforms and Rayleigh-wave effective source time functions (STFs) [11] [12] [13] yielded slip distributions on faults with geometries constrained by Global Centroid-Moment Tensor (GCMT) solutions (http://www. globalcmt.org/CMTsearch.html). Our preferred model for the 15 November 2006 event has a fault orientation of strike 215u and dip 15u, with nearly pure thrust motion with a rake of 92u (Supplementary Fig. 2 ). The aftershock distribution favours this shallowdipping interplate plane as the fault plane. A rupture velocity of 2.0 km s 21 is constrained by surface-wave directivity, and the rupture lasted about 120 s. Our seismic moment is 4.6 3 10 21 N m, equivalent to a moment magnitude of M w 5 8.4. For the 13 January 2007 normal faulting event, our rupture model geometry has a strike of 43u, a dip of 59u, and a rake of 2115u ( Supplementary Fig. 3 ). This rupture's compactness makes it hard to distinguish between rupture on this plane versus rupture on the auxiliary plane (http://www.globalcmt. org/CMTsearch.html), but the southeast-dipping plane of the GCMT solution aligns better with the aftershock distribution. We do not exclude the possibility of rupture on a rotated northwestdipping plane. The model's rupture velocity is 3.5 km s 21 and the main rupture lasted about 40 s, with some weaker radiation that is spatially poorly resolved lasting for another 20 s. Our seismic moment, 1. Body-wave spectral amplitudes for the 13 January 2007 event are significantly larger, by ratios of 4 to 7, than those for the 15 November 2006 event, despite the larger seismic moment of the earlier event (Fig. 4) . The January event thus has a larger 1-s-period m b and a 20-speriod M s than the November event. This short-period enrichment is similar to that for the 1933 Sanriku earthquake 14 , and may reflect rupture on a fault with little cumulative slip. Seismic energy release for the November event (9.6 3 10 15 J) is less than for the January event (4.3 3 10 16 J), and the energy-moment ratios are 2.7 3 10 26 and 2.4 3 10 25 , respectively 15 . The factor-of-9 contrast in scaled energy indicates significant differences between interplate and intraplate faulting environments. Triggering of a large outer rise rupture with strong high-frequency shaking constitutes an important potential seismic hazard that needs to be considered in other regions. Fig. 1 ) and the two main-shock sequences are distinct in time, although many of the early aftershocks of the November event are located in the outer rise (Fig. 1) where the normal fault ruptured 60 days later.
This doublet is located in what had been a ,500-km-wide seismic gap northeast of the 1963 Kuril islands earthquake (M w 5 8.5) rupture zone and southwest of the 1952 Kamchatka earthquake (M w 5 9.0) rupture zone (Supplementary Figs 4 and 5) . Only one large (M s < 8) shallow event, in 1915, was located in this seismic gap in the last century, and the potential for great interplate earthquakes occurring in this region was unclear 4,5 before the 15 November 2006 event. Some evidence suggests that the former seismic gap region relative to the adjacent seismogenic regions along the arc has distinctive physical properties: relatively high trench-parallel gravity anomalies along the arc 16 , a seaward offset in the shallow seismicity distribution along the arc, and narrowing of the trench ( Fig. 1 and Supplementary Fig. 1 ). The age of the subducting oceanic lithosphere is probably over a hundred million years. The doublet occurred in the only region of the Kuril islands trench with a significant fore-arc basin, bordered on the south by a large sea-floor canyon (near 46u N, 152.5u E). Large seismic slip is located under forearc basins elsewhere 17 , and the 15 November 2006 rupture supports the idea of upper plate influence on seismic coupling. The Pacific plate subducts at a rate of ,80 mm yr 21 beneath the arc in a direction of ,N60u W, generating great earthquakes with recurrence intervals of 100-200 yr elsewhere along the arc ( Supplementary Fig. 5 ), but the relative proportion of seismic versus aseismic convergence in the central region has been debated.
Outer-rise normal faulting events are commonly attributed to bending of the oceanic lithosphere, which places the shallow portion of the slab in trench-perpendicular extension and the deeper part, below a neutral stress surface, in trench-perpendicular compression 1, 18 . Normal fault offsets near the surface in the outer rise are typically less than ,100 m, so the faults are probably relatively fresh compared to the megathrust fault, which experiences many ruptures and huge total offsets 19 . The 2006-2007 extensional activity is primarily located along the trenchward edge of the outer rise. In a few regions, such as offshore of Honshu, Japan 14 , and Sumba, Indonesia 20 , great normal faulting events have occurred seaward of regions of weak seismic coupling, and this has been attributed to slabpull stresses breaking or detaching the sinking slab by rupturing through the entire oceanic lithosphere 14 . Moderately sized shallow outer rise extensional faulting is usually observed after great thrust events 1, 21, 22 , which indicates that stress perturbations associated with the cycle of interplate thrusting events affect the outer rise stress environment (Supplementary Fig. 6 ). Large outer rise compressional events are rare, but tend to precede large interplate thrusts 1 . The last few decades of outer rise activity along the Kuril islands arc primarily involved extensional faulting seaward of earlier large interplate thrusts, with the exception of several outer rise compressional events distributed along the former seismic gap ( Supplementary Fig. 4 (Fig. 3) . This compressional outer rise activity was invoked as one line of evidence favouring seismogenic potential and frictional locking of the seismic gap 1,2 before the 2006 event.
The transition from outer rise compression to outer rise tension following the 2006 interplate thrust supports the notion of outer rise stress modulation by varying interplate frictional stresses [22] [23] [24] . The Kuril doublet provides the clearest example of the full temporal pattern through the seismic cycle yet observed. The January outer rise event was unusually large, comparable to the great extensional events in uncoupled seismic zones, suggesting that the November event completely relaxed friction on the megathrust, allowing slab-pull forces to operate unimpeded on the outer rise. Stress transfer occurred on multiple timescales. Initial outer rise activity commenced within 40 min of the large thrust event, suggesting that LETTERS dynamic or static stress transfer triggered events in a highly strained segment of the Pacific plate. The 60-day delay before the second member of the doublet indicates a longer response time, consistent with a visco-elastic strain migration rate of 100 km per 60 days, comparable to that for the M w 5 7.7 outer rise earthquake of 30 March 1965, triggered by the great 4 February 1965 Rat Island earthquake 25 . Outer-rise normal faulting probably plays a critical role in hydrating the downgoing oceanic lithosphere 26 . It is significant that the 13 January 2007 rupture extended deeply into the upper mantle of the Pacific plate. Hydrothermal activity near mid-ocean ridges appears to be capable of hydrating the upper oceanic crust, but not the deep crust and upper mantle 26 . For faults that form in the outer rise, hydration of the shallow crust is likely to be localized near the fault structures along which water percolates or is dynamically pumped to depth, but sepentinization may broaden into a wider zone within the upper mantle 27 . Most evidence for upper mantle metamorphism of oceanic lithosphere is indirect, such as the suggestion that dewatering of metamorphosed serpentinite can explain intermediate-depth (50-200 km) earthquakes in the sinking lithosphere 26 . Some reflectionrefraction data suggest unusually slow seismic wave speeds within the crust and uppermost mantle in outer-rise regions 27 , favouring hydration along faults that penetrate deeply into the lithosphere. The scars from this doublet may host many future earthquakes.
METHODS SUMMARY
The rupture models for the two great earthquakes are inverted from broadband seismic P and SH body-wave and R1 surface-wave signals spanning the period from 2 to ,750 s. The R1 signals were pre-processed by a deconvolution procedure to remove dispersion and frequency-dependent excitation effects for a standard Earth model and specified focal mechanism and source depth 13 , yielding effective R1 STFs. A search-based algorithm 12 produces rupture models with a smooth, least-squares seismic moment distribution matching the observed signals. Details of the rupture are controlled by the P and SH waveforms. The primary contributions of the R1 STFs to the inversion are constraints on the smoother features, including the overall rupture directivity and seismic moment.
In the local-search algorithm, the rupture model is successively perturbed in a search for better-fitting models. Each search began with a zero-slip initial model and proceeded for several thousand perturbations, adopting the perturbed model each time an improvement in fit was found. The inversion is parameterized in terms of point-source strength, which converts to slip by assuming that each point source represents a sub-event with dimensions equal to the distance between sources (10 km for the 15 Note the larger highfrequency amplitudes for the smaller January event. This is associated with higher energy release and higher energy-to-seismic-moment ratio for the January event. b, STFs for the doublet events. We note the differences in total duration and overall complexity.
METHODS
Data processing. The broadband P and SH body waves used in the rupture model inversions were chosen based on having high signal-to-noise ratios and an azimuthally balanced distribution of observations. The arrival time of each body wave phase was picked manually and the signal time windows extend to no later than the arrival time of the next major body-wave phase (PP of SS). For azimuths having numerous observations, body-waves from more distant stations were selected, giving the longest possible time windows. The amplitude of each waveform was adjusted to correspond to geometric spreading to a uniform epicentral distance of 60u. In general, P-wave onsets are much easier to pick confidently than those of SH waves. Because time alignment is very critical for finite-fault modelling, the final inversions use more P than SH waveforms. The body-waves were high-pass filtered to emphasize frequencies above 150 s. The short-arc Rayleigh-wave (R1) STFs were obtained using an iterative timedomain deconvolution procedure to remove propagation and point-source excitation effects from the observed seismograms 13 . The point-source response was computed using a depth near each event's centroid (15 km), the GCMT focal mechanism, and a standard reference Earth model (PREM). The use of a point source is an approximation that numerical tests have demonstrated to be reasonable for shallow slip associated with low-angle thrusts and, in this case, for the more steeply dipping 13 January 2007 event, which appears to have had most of the slip in the upper 30 km. The STFs are convolved with a gaussian low-pass filter with a full-width at half-maximum of about 32 s. A high-pass filter was applied to the January 2007 event STFs to emphasize periods shorter than 750 s. The STFs for the November 2006 event were not high-pass filtered. The same filters that were applied to the observations were applied to the predictions in the inversion process. Some noise at the longest periods may explain the slightly larger moment obtained for the November 2006 event compared with the GCMT solution. Specific data included in each fault rupture inversion are shown in the online supplements, along with the model predictions. Inversion methods. We used two algorithms to construct slip models for both great earthquakes. Numerous body-wave-only inversions were initially conducted to explore sensitivity to rupture velocity and fault geometry. These were performed with an efficient linear inversion based algorithm 28 . The method allows each subfault to rupture for a specified time interval with a STF shape constructed from a set number of overlapping triangles. Inversion for the strikeslip and dip-slip components of the source strength as a function of time at each subfault was performed using a least-squares positivity constraint. These inversions allow variable rake, but assume a uniform rupture speed.
The final models shown in the paper were constructed using a slower searchbased algorithm 12, 29 designed to estimate a smooth, least-squares optimal seismic moment distribution that matches the observed body waveforms and R1 STFs. In the local-search algorithm, the rupture model is successively perturbed in a search for better-fitting models. The search algorithm is designed to resolve the smoother parts of the model first, then incorporate higher-wave number features as needed. The spatial dimensions of perturbations start large, about 100 km in diameter and eventually are reduced to about 20 km in diameter as the search proceeds. Convergence is rapid initially, then slows as many higher-wavenumber perturbations are rejected by the waveforms. The search is halted when convergence diminishes greatly and the misfit has been reduced to about 70-90% of the signal power (after about 12,000 perturbations have been tested).
For the initial body-wave-only inversions, we used layered one-dimensional Earth models that approximate the subduction zone and oceanic lithosphere structure for the 15 November 2006 and 13 January 2007 events, respectively. For the body-wave solutions in the final inversions, the source velocity structure was a simple water layer over a half-space model. For the November event, we assume a source region half-space velocity structure with P-and S-wave velocities of 6.70 and 3.87 km s
21
, respectively. For the January event, the source region half-space velocity structure has P-and S-wave velocities of 7.25 and 4.18 km s 21 , respectively. Comparison of rupture models obtained using the half-space and more detailed layered structures indicates that the choice of one-dimensional Earth structure produces only minor differences in the fault rupture models.
Each search began with a zero-slip initial model and included several thousand perturbations, adopting the perturbed model each time an improvement in fit occurred. The time function of each subfault was a half-cosine signal 30 , with a duration parameter that was allowed to vary among 8, 12, 16 and 20 s for the November, and among 4, 8, 12 and 16 s for the January event. The fault strike and dip were fixed to match those constrained by long-period Love and Rayleigh waves in the GCMT catalogue. Fault length and width were explored thoroughly before choosing the dimensions for the fault models shown. A more complete discussion of these issues, including sensitivity analyses, can be found in the Supplementary Information.
